The formation and sedimentation of akinetes of Anabaena cylindrica were analyzed quantitatively to identify practical strategies for removing or harvesting akinetes. The critical iron concentration for development of vegetative cells of this cyanobacterium into akinetes was between 0.060 and 0.240 mg/l. Before germination, approximately 10% of the total akinetes that were formed in trichomes settled down, being separated from the floating algal mat on the water surface. The effects of drying processes, which are inevitably involved in the production of biofertilizers, on the germination ability of the akinetes were also examined. Akinetes demonstrated tolerance against severe drying processes, i.e., heat-drying in an oven at 60 • C for 50 h and drying under sunlight for 10 h, suggesting that they can be used as a biofertilizer after drying processes. It was also shown that dried akinetes can be stored in a dried state for at least several weeks.
Introduction
Filamentous cyanobacteria, Anabaena spp., form trichomes, which consist of vegetative cells participating in photosynthetic growth, heterocysts fixing nitrogen, and akinetes acting as seeds for the next generation. Akinetes are able to survive under adverse environmental conditions such as low temperature and desiccation, and begin to grow when the environmental conditions become appropriate. These abilities of akinetes bring us two opposite aspects: one is that akinetes can be the inocula for the next water bloom in an area in which climatic change is expected [1] , and the other is that they may be used in agriculture as a biofertilizer because their germination will result in the formation of heterocysts, which will supply nitrogen to the aquatic environment [2] .
In our previous study, the behavior of an algal mass in a water column, the distribution of cell types of Anabaena cylindrica in a trichome, and the environmental factors necessary for akinete formation were analyzed in order to develop strategies for preventing water bloom, and for harvesting akinetes as a source of biofertilizer [3] . The study revealed that the differentiation of vegetative cells into akinetes is not induced by light limitation but by iron depletion. It also showed that akinetes tend to separate from trichomes and settle down because their density is higher than that of water.
In the present study, quantitative analyses about the formation and sedimentation of akinetes were conducted to deepen our understanding of their properties for environmental preservation or utilization of microalgae. The germination ability of akinetes after desiccation was also examined to reveal the tolerance of akinetes against drying processes, which are inevitably involved in the production of a biofertilizer.
Materials and methods

Organism, cultivation conditions, and cell counting
An axenic strain, A. cylindrica ATCC29414, was used in this study. The algal strain was cultivated on BG-11 medium as described previously [3] . When the effect of iron concentration on akinete formation was investigated, iron was removed from the medium. This modified BG-11 medium, designated as BG11-Fe, was mixed with BG-11 to obtain a range of desired concentrations of iron. The population of Anabaena cells was counted under a microscope using a hemocytometer after the pretreatment of culture samples by sonication as described previously [3] .
Sedimentation test
A test tube of Ø 15.9 mm × 160 mm was covered with a black sheet for light shielding. To the test tube, 5 ml of culture solution of A. cylindrica ATCC29414, which was grown on BG11-Fe for 34 days, was transferred and 10 ml of BG11-Fe medium was added, its depth being 81 mm. After mixing, the test tube was left to stand, while being irradiated from above in a cycle of 12 h light:12 h dark. Irradiation was provided by a fluorescent lamp of daylight color to produce an intensity of 22 mol photons m −2 s −1 at the water surface. The resulting algal mat floating on the water surface, and sediment at the bottom of the test tube were used for counting the number of akinetes localized.
Desiccation of akinetes
The culture solution containing approximate 10 5 cells of akinetes was filtrated thorough a cellulose ester membrane filter of Ø 25 mm with 0.2 m pores (Advantec). The cells collected on the filter were washed with distilled water. The sample along with the filter was dried in an oven at 60 • C or under sunlight. The weight change of the sample during the drying processes was measured. The use of pond or lake sediment containing akinetes for the production of a biofertilizer was simulated by adding 5 mg of bentonite to the culture solution before filtration as model sedimentary particles.
Germination of akinetes
The dried akinetes desiccated in an oven or under sunlight were inoculated into 1 ml of BG-11 in a 5 ml test tube capped with a silicon stopper. For germination, the inoculated akinetes were grown on BG-11 as usual. Undried akinetes were also cultivated for a control after purification by density-gradient centrifugation as described previously [3] because biomass newly produced from the akinete was difficult to discern from old biomass contained in the original culture before germination. Germinated akinetes were observed and counted under a microscope.
Results and discussion
Critical concentration of iron for akinete formation
A critical concentration of iron that induces akinete formation was investigated on the basis of the finding in the previous study that iron depletion induced akinete formation. As shown in Fig. 1 , akinete formation became evident at iron concentrations lower than 0.060 mg/l, while akinetes were never formed in cultures with iron concentrations higher than 0.240 mg/l, even after stationary phase. This suggests that the critical iron concentration for induction of akinete formation is between 0.060 and 0.240 mg/l. Although many researchers have studied the environmental factors affecting the differentiation of vegetative cells into akinetes, the actual trigger for akinete formation is still quite controversial. However, the identification of a critical concentration of iron strongly supports our previous theory that iron depletion is a trigger for akinete formation in A. cylindrica [3] .
The effects of other elements (phosphorous, magnesium, calcium, manganese, zinc, molybdenum, copper, boron and cobalt) on akinete formation were also examined. Elimination of these elements from the medium never resulted in akinete formation. Only iron depletion induced the differentiation of vegetative cells of A. cylindrica into akinetes.
Iron is an essential element to algae because it is required for electron transport, oxygen metabolism, nitrogen assimilation, as well as DNA, RNA and chlorophyll synthesis [4] . In oxygenated water, the available dissolved form of iron is rapidly oxidized to amorphous Fe(III) hydroxide colloids and further thermodynamically stable Fe(III) oxides such as Fe 2 O 3 . The solubility of these oxides is so low that algae hardly take them up [5, 6] . Therefore, available iron is likely to be deficient in aquatic environments, where oxygen is continuously supplied by active growing algae, even though iron is the fifth most abundant element in the earth's crust [7] . Therefore, the trigger of iron depletion for akinete formation seems a reasonable strategy for survival of algae.
Quantitative analysis of akinete sedimentation
The sedimentation properties of akinetes, which are due to a higher density than that of water [3] , were analyzed quantitatively. The culture solution, diluted threefold with medium in a test tube, was left static with light shielding on the side but irradiation from above. Initially, the whole cell mass settled down to the bottom of the test tube, then aggregated while gradually becoming buoyant, and at last formed an algal mat on the surface of the water column, as reported previously [3] . From this floating algal mat, a portion of the cell mass consisting mainly of akinetes, settled down to the bottom of the test tube. The numbers of akinetes localized in the sediment and in the floating mat were counted with respect to time. As shown in Fig. 2 , approximately 10% of the total akinetes settled to the bottom, and the ratio of the number of akinetes in the sediment to that in the floating mat remained unchanged for 4 days. Standing the culture longer than 4 days resulted in a reduction in the total number of akinetes because they began to germinate. This fraction might eventually increase due to the death and lysis of vegetative cells. In ponds or lakes, floating algal mats are not stable on the water surface over the long-term due to putrefaction, the presence of predators or cyanophages, and so on. As a result, akinetes will be released and settle down due to their density. Akinetes in sediment should be removed and/or harvested in winter, that is, between the disappearance of the last water bloom and the season in which microalgae become active.
Tolerance of akinetes against drying processes
For the production of a biofertilizer from harvested akinetes, drying processes are indispensable for enabling long-term storage and for reducing the volume and weight of the product for transportation. Therefore, the tolerance of akinetes against heat-drying at 60 • C and drying under sunlight was examined. The former was an experimental model for a hot-air drying process, which is an efficient process used frequently in factories, whereas the latter was the simplest and most inexpensive method of desiccation in an open space. Not only desiccation but heat and solar irradiation also affects the viability of akinetes tremendously in the former and latter processes, respectively. A culture solution of A. cylindrica containing 10 5 cells of akinetes was placed on a membrane filter and dried in an oven at 60 • C or under sunlight. The wet weights of samples decreased with drying time and reached a constant weight, approximately 3 mg, after 10 min in an oven or within 45 min under sunlight (data not shown). The weight did not decrease further, in spite of prolonged drying times. In a practical process, sediment containing significant numbers of akinetes will be used for the production of a biofertilizer without removing other sedimentary particles. In the drying process under sunlight, these particles may affect the viability of akinetes by shading them from ultraviolet light, which has been reported to reduce the viability of akinetes [10, 13] . Therefore, the mixture of akinetes and bentonite, which is a primary component of natural clay mineral, was examined as a model sediment. In the presence of bentonite, the wet weight of the sample also became constant within 45 min of drying under sunlight.
Both drying processes resulted in the lysis of vegetative cells and heterocysts but not akinetes (Fig. 3) . However, in some akinetes, shrunken protoplasm separated from the cell wall was observed. In those akinetes, pigments, which are observed in viable akinetes, disappeared.
As a control, the germination frequency of undried akinetes was examined. Akinetes were purified by density-gradient centrifugation to remove old cells before germination from the algal culture in BG11-Fe. After purification, the collected akinetes were reincubated in BG-11 for germination. Germination was not synchronized, and germlings in various stages were simultaneously observed under a microscope (Fig. 4) . Two types of germlings were observed, i.e., germlings partially wearing an akinete coat (Fig. 4(b) -(f)) and naked germlings in which the akinete coat had been lost (Fig. 4(g)-(l) ). The scales of all panels in Fig. 4 are same as shown in the scale bar (20 m) displayed on panel (l). Note that daughter cells in the germlings are much smaller than the elongated germlings (panels (g) and (h) present before the first cell division. These germlings could be recognized as biomass produced by akinete germination. Fig. 5(a) shows the incidence of germination of undried purified akinetes after various incubation times. Germlings were evident within 2 days of incubation and the germination incidence reached over 60% at 5 days.
After the drying processes mentioned above, following purification by density-gradient centrifugation, akinetes were reincubated in BG-11. These akinetes, however, completely lost the ability to germinate. None of the dried purified akinetes germinated. Then, akinetes were dried without purification, because the drying processes lysed all of the vegetative cells and heterocysts. Interestingly, elimination of the purification step resulted in germination of the dried akinetes (Fig. 5(b) and (c) ). After 4 days of incubation, 10% of the akinetes dried in an oven at 60 • C for 50 h had germinated, and nearly 15% of the akinetes germinated within 6 days of incubation. In the case of drying under sunlight for 10 h, 5% of the akinetes germinated within 4 days of incubation, and nearly 40% of the akinetes without bentonite germinated within 6 days of incubation. The presence of bentonite decreased the incidence of germination of the akinetes dried under sunlight, probably due to the effect of shading on germination. It has often been reported that germination requires light.
Our results showing the strong tolerance of akinetes against drying processes should be stressed, although the incidence of germination of akinetes dried at 60 • C for 50 h was low. There have been several reports that showed the tolerance of akinetes against desiccation [8] [9] [10] [11] . However, there have been no reports showing the akinetes to be tolerant to heat. In many reports, it was shown that akinetes lost their germination ability after heat treatment. Baker and Bellifemine [1] showed that A. circinalis akinetes lost germination ability after heat treatment at 45 • C for 60 min. Yamamoto [12] showed that the viability of A. cylindrica akinetes was completely lost after heat treatment at 55 • C for 5 min. Rai and Pandey [10] showed that the germination ability of A. vaginicola akinetes was almost completely lost after heat treatment at 55 • C for 8 min or at 60 • C for 2 min. Therefore, the result that a significant proportion of akinetes retained their germination ability after heat treatment at 60 • C for 50 h is a marvelous finding, which contradicts the common belief about the susceptibility of akinetes to heat treatment.
Similarly, the result demonstrating that a considerable proportion of akinetes retained the ability to germinate after being dried under sunlight for 10 h contradicts previous reports which showed akinetes to be susceptible to ultraviolet light [10, 13] . These contradictions are assumed to arise from the different procedures used for the preparation of akinetes for germination tests. Most researchers have purified akinetes by density-gradient centrifugation or differential centrifugation. As mentioned above, we used unpurified akinetes because the drying processes eliminated the germination ability of the purified akinetes, while undried purified akinetes were capable of germination. Cells of A. cylindrica ATCC29414 are coated with excreted exopolysaccharide [3] , which may protect cells from physical and chemical trauma. This substance was removed from cells during the purification step by density-gradient centrifugation, which might result in the loss of tolerance against heat or ultraviolet light. Alternatively, these purification steps might have caused slight damage to the akinetes, but it became crucial for their viability during the following drying processes. Therefore, purification steps should be skipped when the effect of physical or chemical treatment on the viability of akinetes is examined.
This result showed that akinetes can be used as a biofertilizer after drying by processes such as hot air and sunlight, although the latter is more applicable to maintain the viability of akinetes. This level of germination incidence (40%) is likely to be sufficient to function as a fertilizer because the germinated biomass will spontaneously grow in fields. The effect of a storage period on akinete germination was also examined for practical availability of a biofertilizer. Fig. 6 shows the akinete germination incidence within 7 days of incubation after storage in a desiccator following the drying process under sunlight with or without bentonite. The germination incidence decreased from 30 to approximately 15% during 7 days of storage in a dried state. After that, the germination incidence was almost constant for at least 21 days of storage, with the expectation of the viability for a longer period. In fact, Yamamoto [12] reported that dry akinetes of the same Anabaena spp. retained the capacity to germinate for at least 5 years in the dark although the longer period of storage resulted in the longer lag period for germination. The presence of bentonite showed little or no effect on the germination incidence.
Conclusions
It was revealed that the critical iron concentration for akinete formation of A. cylindrica is between 0.060 and 0.240 mg/l, strongly supporting our previous finding, that iron depletion is a trigger for akinete formation. Before germination, approximately 10% of the total akinetes separated from the algal mat floating on the water surface and settled down.
More than 60% of akinetes purified by density-gradient centrifugation germinated during 5 days of incubation, while drying by heat or sunlight eliminated the germination ability. The germination was not synchronized and germlings in various stages were observed under a microscope. Without purification, akinetes demonstrated tolerance against heat-drying in an oven at 60 • C for 50 h or drying under sunlight for 10 h. This result contradicts the common belief that akinetes are susceptible to heat and ultraviolet light, which had been established through many experiments employing purified akinetes. Nearly 40 and 15% of akinetes dried by sunlight and heat treatment, respectively, germinated during 6 days of incubation. Dried akinetes could be stored in a dried state for at least 3 weeks.
